The Cu-catalyzed intramolecular CH insertion of phenyliodonium ylide 5b has been investigated at 0° C in the presence of several chiral ligands. Enantioselectivities vary in the range of 38-72 %, and are higher than those resulting from reaction of the diazo compound 5c at 65° C. The results are consistent with a carbenoid mechanism for Cu-catalyzed decomposition of phenyliodonium ylides.
Introduction
Phenyliodonium ylides are of interest as substitutes for diazo compounds in transition metalcatalyzed carbenoid reactions. Their decomposition under photochemical [1, 2] or thermal conditions [1, 3] , or in the presence of transition metal catalysts [2] [3] [4] affords products typical for carbene or metal carbenoid intermediates. However, the experimental evidence supporting these mechanistic hypotheses is scarce. The intermediacy of metal carbenoids upon diazo decomposition by transition metal-catalysts is well established. These reactions proceed with almost perfect enantioselectivity with the appropriate chiral, non-racemic catalysts [5] . In contrast, the mechanism of the transition metal-catalyzed decomposition of phenyliodonium ylides is controversial, and enantioselective reactions are limited.
Some years ago we presented evidence for metal carbenoid pathways in Rh(II)-catalyzed cyclopropanations and CH insertions of phenyliodonium ylides [6] .
The Cu(I)-catalyzed decomposition of phenyliodonium ylides in the presence of olefins affords cyclopropanes. A mechanism involving electrophilic addition of the iodonium center to the double bond followed by reductive elimination of PhI, as shown in Scheme 1 has been proposed for this transformation by Moriarty. A carbene or metal carbenoid mechanism was specifically ruled out [7] .
Recently we reported the intramolecular cyclopropanation of phenyliodonium ylides derived from acetoacetates and malonates with [Cu(OTf) 2 ] in the presence of chiral ligands. Thus, the reaction of ylide 1a afforded 2 with the binaphthalene derived oxazoline A as ligand in 48 % yield and with 68 % ee (Scheme 2) [8] .
Scheme 2. This result is inconsistent with the mechanism for cyclopropanation as shown in Scheme 1. If the reaction proceeds via electrophilic attack of the iodonium center on the double bond, the metal is not involved in the reaction and, therefore, no asymmetric induction should occur. On the other hand, conclusive evidence for metal carbenoid intermediates upon Cu-catalyzed decomposition of diazo compounds has been reported [6] . If a carbenoid mechanism applies to the cyclopropanation with phenyliodonium ylides, the enantioselectivity resulting upon decomposition of 1a should be identical to that obtained with the corresponding diazo compound 1b, provided the same chiral ligand is used. Unfortunately, the conventionally used chiral Cu-catalysts proved to be insufficiently reactive for decomposition of 1b or of similar diazo compounds derived from β-ketoesters and other 1,3-dicarbonyl derivatives under conditions suitable for reaction of phenyliodonium ylides. Typically, the ylide 3a underwent intramolecular cyclopropanation with [Cu(OTf) 2 ] and ligand A in CH 2 Cl 2 at 0° C to provide 4 in 34 % yield and 30 % ee, but decomposition of the corresponding diazo compound 3b required heating in trifluorotoluene at 100° C. It is known that enantioselectivity increases generally with decreasing temperature and, therefore, a higher enantioselectivity for the reaction of 3a was expected. Surprisingly, however, the product 4 resulting from diazo decomposition of 3b had a higher enantiomeric excess (72 % ee) than that resulting from 3a (30 % ee).
The intramolecular cyclopropanation of 3a and 3b in the presence of other chiral ligands revealed remarkable inconsistencies. With some ligands the enantioselectivity observed upon reaction of the ylide was higher than that of the diazo decomposition, and with others the trend was inversed. These discrepancies suggest that the Cu-catalyzed cyclopropanation with phenyliodonium ylides may not entirely proceed via a metal carbenoid, but also via some other, uncatalyzed pathway as suggested by Moriarty. Indeed, uncatalyzed intramolecular cyclopropanations of phenyliodonium ylides have been observed previously [5, 7] . The mechanism of Moriarty for uncatalyzed cyclopropanations with phenyliodonium ylides is plausible, but this mechanism should not apply to uncatalyzed CH bond insertions. Indeed, no insertion products upon uncatalyzed decomposition of phenyliodonium ylides at ambient temperatures have ever been observed or reported. Although the phenyliodonium ylide derived from diethyl malonate does insert into the CH bonds of cyclohexane, this latter reaction, which is believed to proceed via a free carbene, requires a temperature of 100° C, much higher than the 0 °C used for the metal-catalyzed cyclopropanation [1] . We reasoned that comparison of enantioselectivities in CH bond insertions resulting from Cu-catalyzed decompositions of phenyliodonium ylides and of the corresponding diazo compounds, respectively, would not be affected by the irregularities occurring in cyclopropanations, and would, therefore, provide unambiguous evidence in support of the carbenoid pathway [9] .
Results and Discussion
The phenyliodonium ylide 5b was synthesized by reaction of the hydrocarbon 5a [10] with PhI(OAc) 2 [11] . Exposure of 5b to [Cu(OTf) 2 ] in CH 2 Cl 2 at 0° C in the presence of chiral ligands A -E resulted in intramolecular CH insertion and afforded the cyclopentanone carboxylate 6. The enantioselectivity of the reaction was established on the ketone 7 (g. c., DAICEL, Lipodex B), which was obtained via ester hydrolysis of 6 (HBr / EtOH) and subsequent decarboxylation of the intermediate β-ketoacid. Reactions with the diazo compound 5c were carried out in 1,2-dichloroethane at 65° C. The results are summarized in Table 1 . In general, we find that the Cu-catalyzed insertions proceed with acceptable yields from the ylide. The occurrence of CH insertions upon catalysis with Cu is remarkable in itself, since it is well known, that Cu-catalysts are the catalysts of choice for cyclopropanations and are less suitable for CH insertions. However, this preference is only significant when cyclopropanation and insertion pathways are competitive, and this is not the case with 5b and 5c. Other Cu-catalyzed CH insertions of diazocompounds have been reported [12] . The yields of insertion product 6 resulting from ylide decomposition are generally higher than those of the diazo decomposition. This is a consequence of the notorious low reactivity of diazo esters and diazo ketones derived from β-dicarbonyl compounds, which require temperatures of up to 80° C with Cu-catalysts and with dirhodium(II)-carboxamidates [13] . Phenyliodonium ylides are significantly more reactive and may be decomposed already at 0° C with these catalysts. This enhanced reactivity in comparison of that of
HBr/EtOH diazo compounds constitutes the main interest of phenyliodonium ylides in the context of metal carbenoid reactions. The enantioselectivity resulting from ylide decomposition is with all ligands higher than that from diazo decomposition, except with ligand C, where it is essentially equal within the limits of experimental error. This trend is mainly due to the different temperatures of the reactions. In addition, catalyst stability becomes a problem at elevated temperatures, and the low ee's observed in some of the diazo decompositions may be due to partial degradation of the catalyst. The intriguing irregularities in the enantioselectivities of Cu-catalyzed cyclopropanations of phenyliodonium ylides and diazo compounds do clearly not occur in the CH insertions. These observations are not only of mechanistic interest; they also extend the synthetic potential of phenyliodonium ylides.
Ligands

Conclusions
To our knowledge, these are the first enantioselective CH insertions observed upon Cu-catalyzed decompositions of phenyliodonium ylides. The results show clearly that the reactions proceed in the intimate vicinity of the chiral catalyst, and that the mechanism proposed by Moriarty for cyclopropanations cannot apply to the CH insertions. A carbenoid mechanism is generally accepted for CH insertions resulting from transition metal-catalyzed diazo decomposition, and the same mechanism should apply to the reaction of phenyliodonium ylides. This mechanism requires retention of configuration at the center undergoing insertion. Verification of the stereochemistry of the Cucatalyzed CH insertion of phenyliodonium ylides is currently in progress in this laboratory. 
Experimental General
For general experimental details and instrumentation see [14] . The abbreviation FC refers to flash chromatography.
Synthesis of phenyliodonium ylide 5b and diazo keto ester 5c: see refs [5a] and [10] .
Intramolecular CH-insertion with 5b. General procedure: The appropriate ligand (13.0 µmol) and [Cu(OTf) 2 ] (3.9 mg, 11 µmol) were stirred in CH 2 Cl 2 (6.0 mL) during 1 h. The ylide 5d (273 mg, 0.54 mmol) in CH 2 Cl 2 (6.0 mL) was added at 0° C and the mixture was stirred overnight at 0° C. After evaporation of the solvent, the residue was purified by FC (SiO 2 , pentane/AcOEt 97:3) to give 6. For yields and enantioselectivity: see Table 1 . For analytical data of 6 and 7, see ref. [5a] .
Intramolecular CH insertion with 5c. Same procedure, but in DCE at 65° C.
Preparation of catalysts:
The following ligands were synthesized according to published procedures: A: ref. [15] ; D: ref. [16] ; E: ref. [17] . The synthesis of ligands B and C will be reported elsewhere [18] .
Synthesis of 2,2-dimethyl-1,3-bis[(4S)-4-cyclohexylmethyloxazolin-2-yl] 
propane (F). (Scheme 4).
Scheme 4. 3-diamide (10) . Dimethylmalonyl dichloride (8, 500 mg, 2.96 mmol) in CH 2 Cl 2 (3.0 mL) was added slowly, at 0 o C, to (S)-3-cyclohexyl-2-aminopropanol hydrochloride (9, 6.2 mmol) 
